Mousaei Sanjerehei: Annual gross primary production and absorption of solar energy by Artemisia sp. in arid and semiarid shrublands - Abstract. Gross primary production (GPP), transpiration and conversion efficiency of solar energy by Artemisia sieberi and Artemisia aucheri in Nodushan shrublands of Yazd, Iran, were determined. GPP was determined through estimates of net primary production (NPP) and respiration (R) of leaf, new branch, stem, coarse root and fine root. Total biomass (g C m -2 ) of A.sieberi and A.aucheri was 81.7 and 224.87 respectively. The ratio of below-to-aboveground biomass was 0.4 and 0.56 respectively, for A.sieberi and A.aucheri. Total NPP, R and GPP (g C m -2 ) were 32.11, 53.1 and 85.21 for A.sieberi and 62.75, 91.56 and 154.31 for A.aucheri. The carbon use efficiency (NPP/GPP), R/GPP and Belowground NPP/total NPP were 0.38, 0.62 and 0.29 for A.sieberi and 0.41, 0.59 and 0.37 for A.aucheri respectively. Based on the estimates of solar energy available in the study sites, the amount of incoming solar energy absorbed in photosynthesis and transpiration was 0.05 % and 0.08 % by A.sieberi, and 0.08 % and 0.17 % by A.aucheri. Artemisia shrublands play an important role as carbon sinks and energy stocks in arid and semiarid ecosystems of the central parts of Iran.
Introduction
Atmospheric CO 2 concentration of twice the preindustrial level will lead to an increase in global mean temperature of 2.5 °C, which in turn may result in losses in the drylands, wetlands, species and ecosystems as well as major changes in agricultural, forestry and fishery sectors and an increase in water demand, air pollution and frequency of natural disasters (IPCC, 1990) . Since the main source of absorbing CO 2 is through photosynthesis by vegetation, the study of primary production seems to be of high importance. Estimates of primary production are useful for monitoring ecosystem goods and services (Meyerson et al., 2005) , ecosystem function (Schlapfer and Schmid, 1999 ) and structure, providing resources for herbivores, evaluating the regulation of the global climate through the carbon cycles (Roy and Saugier, 2001 ), determining variation in wood production as well as studying energy flow in ecosystems (Roxburgh et al., 2004) and ecosystem carbon sequestration. The amount of energy fixed by plants in photosynthesis is referred to as gross primary production (GPP). Annual GPP is defined as the total of all carbon fixed by plants in ecosystems (Ryan, 1991) . A portion of the C fixed, is lost through construction (growth) and maintenance respirations by plants. Construction respiration is the amount of C consumed in the processes such as ATP production, transport processes and nutrient uptake (Chiariello et al., 1989 ) which lead to a net increase in plant dry matter. Construction respiration can be estimated based on the heat of combustion, organic nitrogen and ash content (Williams et al., 1987) , carbon and ash content (Vertregt and Penning de Vries, 1987) or based on the assumption that it consumes carbon equal to 25% of that incorporated into new tissue (Ryan, 1991) . Maintenance respiration provides the energy for the plant processes such as maintenance of ion gradients across membranes, protein repair and replacement and translocation-related processes (Penning de Vries, 1975 ) that do not result in a net gain in biomass, but keep existing phytomass in a healthy state (Amthor, 1989) . Maintenance respiration can be calculated from tissue nitrogen and mean annual temperature (Ryan, 1991) . The amount of C allocated in plants in a certain period of time after losses due to respiration is known as net primary production (NPP). Another important source of solar energy use by plants is transpiration. Estimates of solar energy used in transpiration can be useful for the study of reduction in air temperature by vegetation through the conversion of solar energy to latent heat (Kurn et al., 1994) . Based on increasing population growth and economic prosperity and as a result, a greater demand on production of food and fiber, improving solar energy conversion efficiency will be of critical importance. This requires a complete understanding of the amount of solar energy used by plants in different processes. The objective of this research was to determine (1) gross primary production and (2) the amount of energy absorbed in photosynthesis and transpiration by Artemisia sieberi and Artemisia aucheri in Nodushan rangelands of Yazd. A.sieberi and A.aucheri are the most dominant species in Nodushan rangelands of Yazd. These species are two of the most distributed perennial shrubs in central parts of Iran.
Materials and Methods

Site description
NPP, respiration, GPP, transpiration and the amount of solar energy captured by Artemisia sieberi and Artemisia aucheri species were determined in Nodushan rangelands of Yazd, Iran. Nodushan rangelands are located in the northwest of Yazd province in central parts of Iran (31°46′N, 52°24′E to 32°15′N, 53°47′E) at elevations between 1530 m and 3260 m. Two sites were selected in Nodushan rangelands for sampling. (1) Sadrabad area which is located at an elevation of 2171 m and is dominated by A.sieberi ( Figure 1) . The climate is characterized as arid. The mean annual precipitation and temperature are 89 mm and 13.5 °C respectively. (2) Khood area which is located at an elevation of 2525 m and is dominated by A.aucheri ( Figure  1 ). The climate is semiarid. The mean annual precipitation and temperature are 123 mm and 11 °C respectively. The growing season of A.sieberi and A.aucheri is from early March to mid November, about 260 days. Data of rainfall, temperature, humidity and duration of sunshine on 2011 were collected from synoptic station of Nodushan, Meybod. 
Preparation of plant samples
To estimate the above and belowground production, 6 individuals of each species with different sizes were totally (shoot and root) harvested every 2 months during the growing season ( Figure 2 ). The total biomass was separated into leaf, new and old branch, stem, coarse root (diameter > 2mm) and fine root (< 2mm). Leaf area index was estimated by measuring the area and the weight of a number of leaves and determination of a relationship between leaf area and leaf weight. A total of 10 soil cores were collected randomly below the canopy cover of A.sieberi and A.aucheri with an auger (10 cm diameter) at a depth of 30 cm (based on the depth of plant rooting) at 2 month intervals during the growing season to determine the fine root production. Dead and live fine roots were separated based on their shape, color and flexibility. To estimate the stem annual growth, 3 plants with different sizes were selected for each species, and the diameter and the length of 5 stems with different sizes for each plant were measured at the beginning and at the end of the growing season. 2 points on each selected stem were wrapped with a piece of metal wire for measuring the diameter and the length. The stems were marked with plastic tags. The annual growth of the stems was determined based on the annual increment in the volume of the sampling 
Measurement of composition of plant components
Plant components (leaf, new branch, old branch, stem, coarse root and fine root) were dried in oven at 70 °C for 48 h. Nitrogen content was measured by the Kjeldahl method. Carbon content was estimated with an elemental analyzer (Costech ECS 4010, Elemental Combustion System). Ash content was determined after heating the dry matter to 550 °C for 5 hours.
Total net primary production (Total NPP)
Total NPP (g Carbon m 2 − ) was determined as the sum of the aboveground net primary production (ANPP) and the belowground net primary production (BNPP). ANPP was calculated as the sum of the leaf production and wood production. Maximum value of leaf biomass during the growing season was used as the leaf production. Wood production was considered as the sum of the biomass of new branches at the time of maximum growth and annual increment in the stem biomass. BNPP was determined by measuring coarse root production and fine root production. Coarse root production ( cr NPP ) was calculated using an equation which assumes that coarse root production is proportional to aboveground NPP (Johnson and Risser, 1974) . Where cr NPP is coarse root production, ANPP is aboveground net primary production, AGB is aboveground biomass and cr B is coarse root biomass (at the time of maximum growth). Fine root production ( ) fr NPP was estimated as differences in means of fine root biomass between sampling dates. Positive biomass increments were summed during the growing season (Fogel, 1983 Since the study sites are not totally covered by the plants, and the sampling cores were taken below the canopy cover of the plants, the mean weight of fine root biomass per square was multiplied by the area (%) covered by the plant roots.
Total respiration (Total R)
Total respiration was calculated as the sum of maintenance ( m R ) and construction Where cl R , cw R , ccr R and cfr R are respectively, the construction respiration of leaf production, wood production (new branches and increased annual biomass of stems) and coarse root and fine root production. Construction respiration was determined using carbon, nitrogen and ash content of plant materials based on Vertregt and Penning de Vries (1987) method slightly modified by Poorter (1994) .
Where c R is the construction cost (g glucose g = ). Construction respiration is then, equal to the total carbon cost minus carbon incorporated into structure. Maintenance respiration was determined as:
Where ml R , msw R and mfr R are maintenance respiration of leaf production, sapwood and fine root production respectively. ml R and mfr R were determined using Ryan's (1991) equation,
Where a T is the average growing season temperature (°C) and D is duration of growing season (number of days). For estimation of ml R , t N is the total nitrogen content of leaf biomass calculated from N concentration in leaf biomass and average leaf biomass during the growing season (the average leaf biomass was used in the calculation, because the rate of production is low at the beginning of the growing season, March, and peaks around July, then decreases towards the end of the growing season, November). For determination of mfr R , t N is the total N in fine root biomass calculated from N concentration and average fine root production during the growing season. New branches and coarse roots (diameter > 2mm) were assumed to be 100% of sapwood (Ryan and Waring, 1992) . The stem sapwood was determined by separating the bark of a number of stems with different sizes and recognizing the sapwood based on the color. Maintenance respiration of new branches was also obtained using the equation * m R , based on the N content in the new branch biomass (sapwood) and the average of new branch biomass during the growing season. Maintenance respiration of coarse roots and stems was determined as (Ryan, 1991 
Gross primary production (GPP)
Annual GPP was calculated from the total net primary production plus the total respiration.
Solar energy capture
The amount of solar energy used by plants was determined as the sum of the energy fixed as GPP and the energy consumed in transpiration. The energy fixed as GPP was determined based on the glucose equivalent of the carbon fixed in plants as GPP 
Energy Used in Transpiration
The amount of energy used in transpiration was determined from the amount of water transpired by Artemisia species in the growing season and the amount of energy required for evaporating water at the mean temperature of the growing season. The energy necessary to evaporate water at the mean temperature during the growing season was calculated from Harrison' (1963) equation: 
Where AET is actual evapotranspiration and F is leaf area index. Actual evapotranspiration (mm) during the growing season was estimated according to Schreiber's (1904) empirical formula:
Where P is mean annual precipitation (mm) and PET is potential evepotranspiration (mm) during the growing season obtained from Thornthwaite's (1948) 
Determination of solar radiation
To estimate the percentage of the energy used by plants in photosynthesis and transpiration, the annual incoming solar radiation and the net solar radiation were determined. Net radiation ( n R , 
Results
Incoming and net solar radiation
Based on the calculations, the annual incoming solar radiation ( s R ) and the net solar radiation ( n R ) were respectively, 1.7045 × 10 10 kcal ha 
Chemical composition
The carbon, nitrogen and ash content in the biomass of plant components for A.sieberi and A.aucheri are presented in Table 1 . 
Vegetation biomass
The density and the cover of A.sieberi were 0.6 (number m -2 ) and 10% respectively. The average dry weight of an A.sieberi plant was 291.2 g (total biomass of 174.7 g dry matter m -2 regarding the density) ( Table 2 ). The ratio of below to aboveground biomass was 0.56 (0.38-0.77) for an A.aucheri plant.
Net primary production
Total above and belowground biomass (g C m -2 ) of A.sieberi was 58.2 and 23.5 respectively (81.7) ( Table 2 ). The total above and belowground NPP (g C m -2 ) of A.sieberi was 22.88 (27% of GPP and 71% of total NPP) and 9.23 (11% of GPP and 29% of total NPP) respectively (total NPP: 32. 
Construction and maintenance respiration
For A.sieberi, the construction respiration was 4.27 g C m -2 ( Table 2 ). This was equal to 5% of GPP. The construction respiration of A.aucheri was 7.6 g C m -2 (4.9 % of GPP). The annual maintenance respiration of A.sieberi biomass was 48.83 g C m -2 (57% of GPP). The annual maintenance respiration of A.aucheri biomass was 83.96 g C m -2 (54 % of GPP). 10.36 % of stem biomass of A.sieberi and 12.83 % of stem biomass of A.aucheri was composed of sapwood. Total respiration was 62% and 59% of GPP for A.sieberi and A.aucheri respectively.
Gross primary production and conversion efficiency of solar energy to GPP
The annual GPP (g C m -2 ) of A.sieberi and A.aucheri was estimated to be 85.21 and 154.31 respectively ( Table 2 ). The energy necessary to produce the glucose equivalent of this amount of carbon is 796.7 and 1442.8 kcal m 
Energy used in transpiration
Actual evapotranspiration during the growing season was estimated 88.97 mm and 122.3 mm for A.sieberi and A.aucheri stands, respectively. The relationship between the leaf weight and the leaf area was found to be as 1 g = 28 cm -2 for A.sieberi and 1 g = 32.9 cm -2 for A.aucheri. Based on the leaf biomass of the species, leaf area index (LAI) of A.sieberi and A.aucheri was determined as 0.034 and 0.049 respectively. The rate of transpiration (Kg water) of A.sieberi and A.aucheri was estimated 24500 kg ha -1 and 48000 kg ha -1 during the growing season using the evapotranspiration and LAI. Based of the energy necessary to evaporate water in A.sieberi site (587. 
Discussion
Desert and semidesert shrublands represent approximately 18 million km 2 of land area worldwide (Whittaker, 1975) . The communities of Artemisia sieberi and Artemisia aucheri are two of the most widespread vegetation covers in arid and semiarid shrublands of central parts of Iran. These communities play an important role in carbon dioxide absorption and carbon sequestration. There is little information on the rate of GPP in arid and semiarid shrublands throughout the world, and no study has been done in this area on Artemisia communities in Iran. The total biomass of A.sieberi was 36% of A.aucheri. This may result form a more favorable climatic condition in A.aucheri stand. The total NPP of A.sieberi (32.11 (2005) synthesizing biomass data at 12 grassland sites around the world reported that the ratio of BNPP to total NPP decreases with increasing mean annual precipitation and temperature. Mean annual precipitation in the A.aucheri study site is 38% higher than A.sieberi study site and mean annual temperature is 19% lower than A.sieberi study site. Generally BNPP is strongly influenced by climatic factors (Schuur, 2003) . Several studies have shown that there is a positive relationship between BNPP and precipitation (Bradford et al., 2006; Gao et al., 2010) , but a negative relationship between BNPP and temperature (Bradford et al., 2006; De Boeck et al., 2007) . These results are likely a consequence of the fact that higher precipitation increases water availability whereas higher temperature decreases water availability. It seems that in order to balance the water demand of the transpiring leaf surface with the water uptake capacity of the root system (Gao et al., 2010) , a greater amount of NPP was allocated to belowground components in the A.aucheri site in a reaction to a higher precipitation and a lower temperature.
Respiration was approximately 60% of GPP for both species. This is in line with the statement that partitioning to respiration is constant across a wide range of GPP (Waring et al., 1998; Gifford, 2003) and does not vary with resource availability and competition (Ryan et al., 2004) . However, the ratio of belowground respiration to GPP for A.aucheri (0.41) was greater than that for A.sieberi (0.29). The higher ratio of belowground respiration to GPP for A.aucheri results from both a greater allocation of total NPP to BNPP and a higher belowground biomass to total biomass for A.aucheri. The percentage of the incoming and net solar energy absorbed in photosynthesis (as GPP) by A.sieberi (0.047 %, 0.1 %) and by A.aucheri (0.084 % , 0.18 %) showed that the conversion efficiency of solar energy to GPP by shrubs in arid and semiarid climates is low in compared to croplands (e.g., cornfield: 1.6 %; Transeau, 1926; maize field: 1.2 %, Ovington and Lawrence, 1967; rice-barley: 0.89 %, groundnuts-wheat: 0.95 % and maize-Lolium multiflorum double cropping agro-ecosystems: 2.4 %, Koizumi et al., 1990) , grass communities (e.g., 1.2 %, Golley, 1960; C3 grass:2.4 % and C4 grass: 3.7%, Piedade et al., 1991; Beale and Long, 1995) and forests (e.g., 1%, Droste, 1979) . Maximum conversion efficiency of solar energy to biomass is reported 4.6% for C3 and 6% for C4 photosynthesis (Zhu et al., 2008) . The causes in the energy loss at the discrete steps of the plant photosynthetic process from interception of radiation to the formation of stored chemical energy in biomass include: outside photosynthetically active spectrum, reflected and transmitted radiation, photochemical inefficiency, photorespiration and respiration (Zhu et al., 2008) . The percentage of the incoming and net solar energy used in transpiration by A.sieberi and A.aucheri was dependant on the amount of both rainfall and temperature. An increase in the amount of both precipitation and temperature may result in a higher evapotranspiration, productivity, LAI and as a result in an increase in the amount of solar energy used in transpiration by plants. To expand the ecosystem services and functions such as carbon dioxide absorption, forage production, climate regulation, etc, in arid ecosystems it is necessary to improve the primary production of species. Establishment and maintenance and of a variety of plant species in arid and semiarid ecosystems, specially a mixture of shrub and grass forms (Mousaei Sanjerehei et al., 2011) may result in a greater aboveground productivity in compared to pure species stands (Forrester et al., 2006; Bessler et al., 2009 ).
